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Nitrogen (N) fertilizers applied to cropland are of considerable importance because of 
the yield-increasing benefits they provide. However, potential nitrate-nitrogen (NO3-N) 
leaching losses with subsurface drainage are of considerable concern, particularly in the 
Midwest. Because rainfall and irrigation amounts typically exceeds the annual evaporative 
demands in this region, drainage to ground water or surface water (via file drainage) can 
result in N movement out of the root zone. A laboratory experiment was conducted to study 
the effects of soil bulk density in the zone of N application and soil moisture on NO3-N 
leaching from surface soils during rainfall simulation using tracer anions. Simulated rainfall 
was applied at an intensity of 6.5 cm h-1 for 70 min to soil pans with compacted soil bars of 
1.10, 1.33, 1.57, and 1.81 g cm~3 bulk density and initial soil moisture contents of 10 and 
15% by mass. Surface runoff, subsurface drainage, and soil extract samples were analyzed 
for NO3-N, bromide (Br), and chloride (Cl) concentrations. 
Surface runoff losses of NO3-N and Br were greater at 1 S%moisture content because 
of greater runoff volumes. Higher bulk density in the zone of N application resulted in 
significantly lower concentrations and losses of NO3-N in subsurface drainage. The 10% 
moisture content produced greater NO3-N leaching losses due to greater volume of 
subsurface drainage at that moisture. A NO3-N mass balance indicated that higher bulk 
density and moisture content resulted in retention of greater amounts of NO3-N in the soil. 
Bromide concentrations and losses and C1 losses in subsurface drainage were lower at 15% 
moisture content. From the research results, it seems that compacting soil within the zone of 
N fertilizer application can significantly reduce NO3-N losses to subsurface drainage. Future 
research could involve examining compaction on the field scale and improving an actual N 
V 
applicator. Soil compaction up to 1.81 g cm 3 could be reached by field applicator. Since 
higher soil moisture helped to reduce NO3-N leaching, the amount of liquid associated with 
the N fertilizer might be a consideration if handling larger volumes was not an obstacle. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Groundwater is an important natural resource whose quality can directly affect many 
people. In the U.S., groundwater is the source of about 22% of the fresh water used. About 
53% of the total population and 97% of the rural population use groundwater supplies for 
their drinking water (Moody, 1990). Although contamination of groundwater can occur 
naturally, agriculture is considered one of the most widespread nonpoint sources of 
groundwater contamination. Among all the agricultural chemicals that have the potential to 
contaminate groundwater, nitrogen (N) applied as fertilizer and manure is the most 
extensively used, especially by corn producers (Kiuchi et al., 1996). About one million tons 
of N fertilizer are used annually in Iowa. 
Bouwer (1990) reported that nitrate (NO3) is the main form of N in soil taken up by 
plants. He further noted that NO3 is very mobile in the underground environment and moves 
readily with deep percolation through the vadose zone to underlying groundwater. Thus, 
applied N not used by crops, and not lost by runoff or denitrified or volatilized, either is 
stored in the soil as organic-N or eventually reaches underlying groundwater (Bouwer, 1990). 
Contamination of surface water by N fertilizers via file drainage is of concern too. In some 
studies, more than 50% of the applied N is not removed by the crop or stored in the soil, and 
NO3-N leaching is thought to be a major reason for these losses (Blackmer, 1987). Nitrate-
nitrogen concentrations in vadose-zone water below agricultural fields typically are in the 
range of 5 to 100 mg L-1, with frequent detections of concentrations of 20 to 40 mg L-1
(Bouwer 1990). This NO3-N eventually may enter groundwater supplies. The maximum 
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contamination level (MCL) for drinking water is 10 mg L"l. Too much NO3-N in drinking 
water can cause methemoglobinemia, or blue-baby disease, in infants. 
Nitrogen as fertilizers and manures is widely used in corn production in the north- 
central region of the U.S. Because rainfall and irrigation amounts typically exceed the annual 
evaporative demands in this region, drainage to ground water or surface water (via the 
drainage) can result in N movement out of the root zone. Koplin et al. (1991) reported that 
6% of 566 samples collected from 303 shallow wells in midwestern U.S. had NO3-N 
concentrations that exceeded the 10 mg L-1 MCL. Groundwater provides a significant 
component of the total flow in many midwestern rivers and streams, and, where they exist, 
subsurface file drains can transport NO3-N from agricultural soils to waterways. Baker et al. 
(1975) have shown that NO3-N in file drainage water from row-crop land usually exceeds 10 
mg L-1, with annual leaching losses averaging more than 20 kg ha 1. When this water is not 
intercepted by file drains, but instead percolates to groundwater, contamination can occur 
there. When drainage from the root zone is intercepted by file drains and short-circuited back 
to surface waters, contamination occurs there. 
Manure N application is wide spread throughout Midwest, however, since the 
research reported here mainly focuses on fertilizer N applications, review of literature on 
manure N was omitted. Nitrogen fertilizers applied to cropland are of considerable 
importance because of the yield-increasing benefits they provide. However, cost and energy 
use for large quantity applications, potential NO3-N leaching losses to water resources, and 
associated farmer and societal costs attached to such losses are of considerable concern, 
particularly in the Midwest. Currently, in the Corn Belt, fertilizer N usually is applied in a 
single preplant application as anhydrous ammonia (NH3) in the fall or in early spring, as 
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granular urea, or as a urea ammonium nitrate (UAN) solution. This N is susceptible to loss 
once the soil warms and nitrification of NH3 to NO3 takes place. Baker et al. (1989) reported 
that there are at least four ways that N can be lost from the soil crop systems: volatilization, 
loss in surface runoff, denitrification, and NO3-N leaching; crop uptake is the major removal 
process. 
Fertilizer losses represent economic and energy losses and can result in water quality 
deterioration. Current methods of fertilizer incorporation, either through tillage or through 
subsurface knife application, require tractive energy, and in addition, bury or destroy soil-
protecting surface crop residue. Nitrate-nitrogen, because of its soluble and nonadsorbed 
nature, will move with water through the soil profile. Losses are a product of concentration 
and volume of leaching water. Several management strategies have been proposed to reduce 
N leaching from agricultural lands. One recent strategy is to divert the flow of infiltrating 
water away from or around the "zone" of applied N fertilizer. In a practical way, the route of 
water movement relative to the location of an anion like NO3-N might be altered through 
localized compaction at the point of anion application. Such an approach was taken by Baker 
et al. (1997) as one way to alter water flow in soil by compacting the soil above applied 
fertilizer. A modified surface configuration combined with fertilizer placement in a zone 
away from substantial vertical water movement should help to minimize NO3-N leaching. 
Similarly, subsurface water-flow barriers can reduce anion leaching. Studies have indicated, 
in theory, that the presence of a localized, impermeable subsurface barrier should direct 
infiltrating water away from the barrier and reduce the flow rate in the vicinity of the barrier. 
Soil compaction destroys the large voids and channels that may readily conduct rainwater in 
the upper soil profile. The reduced porosity of compacted soil makes it difficult for water to 
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infiltrate (Reicosky et al., 1981; Ankeny et al., 1990). If compaction occurs in localized 
zones, much of the infiltrating water is directed away form the compacted soil zone and 
toward more permeable, uncompacted soil. Further, water flow just above and below the 
compacted soil layer should be reduced. Thus, it is conceivable that NO3-N leaching could be 
reduced if the fertilizer is placed in a "low-flow" region just above, below, or within such a 
barrier. 
The overall purpose of this research was to study the effects of soil bulk density in the 
zone of N application and soil moisture content on NO3-N leaching during laboratory rainfall 
simulation by use of tracer anions. Specifically, simulated rainfall with Br dissolved in it was 
applied to soil in pans of two different soil moisture contents and that had been treated with 
Cl. Compacted soil bars of four different bulk densities were placed within the soil in pans at 
1.5 inches below the soil surface to achieve the following objectives: 
1. To study the impacts of two levels of soil moisture and four levels of bulk density On 
the leaching characteristics of NO3-N. 
2. To use this information to help development/improvement of N application 
methods/equipment. 
Thesis Organization 
This thesis is organized into four chapters. This chapter, namely number 1, provides 
an introduction to the research topic and the research that is presented in this thesis. In 
addition, this chapter describes the organization of this thesis. Chapter 2 reviews literature 
and prior research performed in the area of NO3-N leaching. The review examines the factors 
of NO3-N transport through soil to subsurface drainage, and the important factors and 
processes for reduction of NO3-N leaching to subsurface drainage. Further review of research 
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addresses the current methods of NO3-N application and reduction in NO3-N losses through 
compaction of soil and creation of flow barriers to NO3-N leaching to subsurface drainage. 
Finally, the use of anion tracers and rainfall simulation as a tools in researching 
characteristics of NO3-N leaching is discussed. Chapter 3 is a paper in j ournal article format 
that examines the effect of two levels of moisture content and four levels of soil bulk density 
in the N fertilizer application zone on leaching characteristics of NO3-N under simulated 
rainfall in the laboratory. This chapter consists of an abstract, an introduction with brief 
review of literature, methodology, results and discussion, and conclusions. Chapter 4 
provides general conclusions and recommendations of the research in this thesis. Appendix 
of data related to Chapter 3 follow Chapter 4. The appendix includes laboratory rainfall 
simulation hydrologic and chemical concentration data. 
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CHAPTER 2. REVIEW OF LITERATURE 
Agricultural Chemicals and Groundwater Quality. 
Groundwater is an important natural resource whose quality can directly affect many 
people. In the U.S., groundwater is the source of about 22% of the fresh water used. About 
53% of the total population and 97% of the rural population use groundwater supplies for 
their drinking water (Moody, 1990). Although contamination of groundwater can occur 
naturally, agriculture is considered one of the most widespread nonpoint sources of 
groundwater contamination. Chemicals of concern in groundwater quality degradation by 
agriculture are N and pesticides. Although salt and trace-element contamination of 
groundwater can be a direct result of agricultural activities, it is not due to anthropogenic 
chemicals. The focus here is on NO3-N and pesticides (Bouwer, 1990). 
Among all the agricultural chemicals that have the potential to contaminate 
groundwater, N is the most extensively used, especially by corn producers. About one 
million tons of N fertilizer are used annually in Iowa (Kiuchi et al., 1996). Nitrogen 
fertilizers are widely used in corn production in the north-central region of the U.S. N 
applied to cropland is of considerable importance because of the yield-increasing benefits it 
provides. However, cost and energy use for large quantity applications, potential NO3-N 
leaching losses to subsurface water resources, and associated farmer and societal costs 
attached to such losses are of considerable concern, particularly in the Midwest (Hamlett et 
al., 1990). Because rainfall and irrigation amounts typically exceeds the annual evaporative 
demands in this region, drainage to groundwater or surface water (via the drainage) can 
result in N movement out of the root zone (Ressler et al., 1998). 
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In some studies, more than 50% of the applied N was not removed by the crop or 
stored in the soil, and NO3-N leaching was thought to be a major reason for these losses 
(Blackmer, 1987). Nitrate-nitrogen concentrations found in unsaturated soil below the root 
zone of agricultural fields are in the range of 5 to 100 mg L"' (Bouwer, 1990). This NO3-N 
eventually may enter groundwater supplies. In an Iowa study, Baker et al. (1975) found that 
even with modest N fertilization of corn, NO3-N concentrations in the the drainage often 
exceeded 10 mg L-l. In results from afour-year study in central Iowa, Baker and Johnson 
(1981) reported that in 1974, drainage from plots with greater levels of applied N 
(250 kg ha 1) had NO3-N concentrations twice as large as drainage from plots receiving lesser 
applications (100 kg ha'). In 1976, concentrations were four times as large. Koplin et al. 
(1991) reported that 6% of 566 samples collected from 303 shallow wells in midwestern U.S. 
had NO3-N concentrations that exceeded 10 mg L-1. 
Too much NO3-N in drinking water can cause methemoglobinemia, or blue-baby 
disease, in infants. Prevention of groundwater pollution is much cheaper than restoring 
polluted aquifers. Using nonleaching pesticides and reducing N fertilizer applications (source 
control and best management practices) can result in prevention. Minimization of NO3-N 
contamination of groundwater can occur by carefully controlling the timing and amount of N 
fertilizer applications according to crop needs (Bouwer, 1990). 
Soil Hydrology 
Soil Moisture Content 
The conductivity equation (Q = KA h' L hZ ) and physical model of this process 
include two important parameters determining the rate of infiltration and its temporal change. 
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The first is the soil water potential and the second is the coefficient of permeability. Both 
depend on the soil moisture content (Gusev, 1979). The soil water potential has a substantial 
effect on the infiltration rate in the initial stages of the process (e.g., during a rainfall event). 
Then its effect diminishes and eventually approaches zero. Accordingly, the infiltration rate 
has comparatively large values and decreases, approaching with time the value of the 
permeability coefficient. Hence it follows that the role of the coefficient of permeability is 
especially important. Gusev (1979) summarized the results of several field experiments, 
which indicate that the infiltration rate depends considerably on the initial soil moisture 
content. On the basis of setting up a series of experiments and their analysis, it was shown 
that during infiltration of water into soil, air becomes entrapped in its pores (Gusev, 1979). 
Gusev (1979) further reported that the initial moisture content is the factor determining the 
infiltration capacity of the soil. 
Preferential Flow 
Preferential flow is a general term to describe the process whereby water movement 
through a porous medium follows favored routes, bypassing other parts of the medium. The 
preferential movement of surface applied solutes and water through soil macropores is now 
being recognized as an important potential source of groundwater contamination (Abuja et 
al., 1991). Two scales of preferential flow are recognized (Burcar et. al., 1997): (i) macropore 
(>_ 1-mm diameter) flow, which provides rapid infiltration and transfer of water with little 
chance for the deeper soil matrix to influence water quality during drainage; and (ii) 
mesopore (<1-mm diameter) flow, which provides for lower flow velocities, allowing greater 
interaction at the soil-liquid interface. Under conditions of preferential matrix (mesopore) 
flow, a more traditional solute-soil matrix interaction should occur, thus maximizing 
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subsurface nutrient flux. Macropore flow, however, could allow rapid solute (nutrient) 
transport, bypassing the system's natural ability to remove nutrients from the infiltrating 
solution (Hendrickx and Dekker, 1991). However, macropores can also be a reason for 
reduced leaching of anions. When the soil surface is ponded with water, water quickly drains 
through the profile without interacting with solutes dissolved in water within aggregates, and 
in effect "bypassing" those solutes. 
Effect of soil hydrology on solute transport 
Antecedent soil moisture can also influence solute transport through a soil profile 
(Jardine et. al., 1990). Burcar et al. (1997) showed that higher antecedent soil moisture in the 
spring appears to have affected ammonium-nitrogen (~~TH4-N) and NO3-N transport through 
the soil profile. Under moist conditions, the greater antecedent moisture would greatly reduce 
micropore matric tension. By reducing the hydraulic gradient into the macropores, most flow 
with depth would occur through the larger mesopores as a result of gravitational potential. 
This would diminish surface area contact on which NH4-N and NO3-N retention could occur. 
The data thus suggest that higher soil moisture in the spring allowed NH4-N and NO3-N to 
move to greater depths before being removed from flowing solution (Burcar et. al., 1997). 
Vadoze zone water and solute movement are highly complex and varied processes. 
Bulk flow, or piston-flow models of water redistribution based on Darcian unsaturated flow, 
have been extensively studied (Rose and Stern, 1965). Soil macropores, which form direct 
conduits for water and solute movement to greater depths and circumvent small or less 
conductive pores, have been described by Bouma and Anderson (1997). Schuh et al. (1997) 
reported that for surface applied Br and Cl tracers, and for fertilizer NO3-N, elevated solute 
concentrations occurred at all depths, including the vadoze zone, the confining saturated till, 
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and the surface of a shallow confined aquifer, following large storms in the year of 
application. Detections of elevated concentrations were both temporally and spatially 
sporadic, and were caused by hydrologic processes that included concentrated infiltration and 
redistribution of water in field areas of microtopographic low elevation. 
It is generally accepted that solutes such as NO3-N and urea move readily with water 
in soils, and that these solutes can be leached from surface layers of soils during excessive 
rainfall. The leaching process has been frequently described by assuming that water entering 
any layer of soil displaces water already in that layer, and that solutes initially present near 
the soil surface are moved downward (as a "band" or as a "concentration bulge") and 
progressively deeper with each additional amount of water passing through the soil (Nye and 
Tinker, 1977). Under such conditions, the downward movement of NO3-N would be detected 
by monitoring the depth of the concentration bulge. Field observations (Priebe and Blackmer, 
1989) suggest that leaching could be responsible for losses of N if significant amounts of 
water moved preferentially through soil macropores. Preferential movement of water can 
result in suf~ cient dispersion of solutes such that a portion of solutes initially present at the 
soil surface moves downward distances of a meter or more before the concentration bulge 
moves out of the top few centimeters. This dispersion occurs when water and solutes bypass 
many of the smaller pores without displacing the contents of these pores. 
Priebe and Blackmer (1989) reported that the shapes of N- and O-labeled water 
concentration profiles observed upon excavation of the columns were similar in that 
concentrations were greatest in the surface layers and gradually decreased with increasing 
depth below the surface. The distributions of labeled N found suggest that preferential 
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movement of water through macropores maybe more the rule than the exception in Iowa 
soils. 
Priebe and Blackmer (1989) in their study showed that recoveries ofurea-derived N 
were greater in the dry-surface microplots than in the wet-surface microplots. There is, 
however, a possibility that some of the urea-derived N lost from the microplots was lost by 
preferential leaching through soil macropores. High moisture contents at the soil surface 
a 
could be expected to promote such preferential leaching, which occurs when all the smaller 
pores are filled with water and additional water from rainfall bypasses most of the soil matrix 
by moving through macropores. The effect of initial soil moisture content deserves more 
attention in humid areas like the Corn Belt because farmers often apply urea to wet soil 
surfaces (Priebe and Blackmer 1989). 
Timmons et al. (1981) summarized results of lysimeter studies throughout the U.S. 
Results of these studies showed that leaching of applied fertilizer N can be substantial and 
than NO3-N can move rapidly in light sandy soil under intensive irrigation. Timmons et al. 
(1981) studied application of N under the influence of supplemental irrigation, which was 
necessary to produce sustained corn yields on a droughty sandy loam soil, and indicated that 
supplemental irrigation increased both soil water percolation and NO3-N leaching losses. 
They showed that the periodic multiple application of liquid N through the irrigation system, 
rather than a single application in granular form, decreased average NO3-N leaching losses 
by about 12 kg ha"1 at the 5-cm irrigation level, but no differences with method of N 
management were observed at the 2.5-cm level. 
Fujisawa et al. (1998) showed that the release rate of N from resin-coated fertilizer 
was the same as the estimated value in the solution under the condition in which the soil 
13 
moisture content levels were higher than 40% (0.7 MPa of water potential) of the maximum 
water holding capacity. However, the release rate decreased as the level of soil moisture 
decreased below this point, and became nil at about 100 MPa of water potential. 
Kaplunova and Aronshtein (1983) reported that accumulation of NO3-N in the soil 
occurred most at a soil moisture content of 60% field capacity (FC) regardless of the form of 
N fertilizer applied. In this case, with consideration of the background, 76.3 % of the N 
transforms into a NO3-N form. An increase of soil moisture content by 1 S% (from 45 to 
60%) led only to an insignificant increase of the amount of NO3-N formed. Thus the 
dynamics of accumulation of NO3-N depends to a considerable degree on soil moisture 
content and form of N fertilizer. The best conditions for the accumulation of NO3-N are 
created with constant maintenance of the soil moisture content at the 60% FC level 
(Kaplunova and Aronshtein, 1983). 
Nitrate Movement through Soil Profile and Leaching to Groundwater. 
The N cycle in agricultural soils determines N availability to crops and potential N 
losses to the environment, such as NO3-N leaching, NH3 volatilization, denitrification, and in 
surface runoff. Nitrogen transformations in soil involve biological processes, like 
mineralization, immobilization, nitrification, and denitrification. Applied N not used by 
crops, and not lost by runoff or denitrified or volatilized, either is stored in the soil as 
organic-N or eventually reaches underlying groundwater (Bouwer 1990). 
Groundwater movement to a waterway provides a significant component of the total 
flow in many Midwestern rivers and streams, and, where they exist, subsurface the drains 
can transport NO3-N from agricultural soils to these waterways (Ressler et al., 1998). Large 
areas of soils in the U.S. in general, and the upper Midwest in particular, are potentially 
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highly productive but poorly drained and, as a result, are tile-drained. Since those soils are 
then highly productive, they generally receive large applications of fertilizer N which can 
potentially be lost through the file drains as NO3-N. Loss of N in surface runoff is very 
dependent on the amount and timing of runoff. Baker and Laflen (1982) using rainfall 
simulation, found that about 5 and 1 % of the surface-applied NH4-N and NO3-N, 
respectively, were lost with 60 mm (2.4 in) of runoff from bare plots shortly after N 
application. It is believed that the lower loss of NO3-N occurred because it is very soluble 
and much of it moved into the soil with initially infiltrating rainwater, before runoff began 
(Baker and Laflen, 1983). 
Bauwer (1990) noted that NO3 is the main form of fertilizer N in soil taken up by 
plants. Very mobile in the underground environment, NO3-N moves readily with deep 
percolation through the vadose zone to underlying groundwater. In the Midwest, NO3-N 
pollution of drinking water supplies is being reported more and more frequently. Baker et al., 
(1975) have shown that NO3-N in file drainage water from row-crop land usually exceeds 10 
mg L-1, the MCL, with annual leaching losses averaging more than 20 kg ha 1. When 
drainage water is not intercepted by file drains, but instead percolates to groundwater, 
contamination can occur there. When drainage from the root zone is intercepted by file drains 
and short-circuited back to surface waters, contamination occurs there. Nitrate-nitrogen, 
because of its soluble and nonadsorbed nature, will move readily with water through the soil 
profile. 
Nutrient leaching losses are a product of concentration and volume of leaching water. 
Therefore, the amount of water available for leaching and the chemical concentration (rate of 
fertilizer N applied) at a given time are key factors influencing the leaching loss of NO3-N. 
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One approach to reduce leaching of NO3-N is to use multiple applications of N fertilizer at 
reduced rates (Baker and Timmons, 1984; Kanwar et al., 1988). With split N applications, 
the concentration of the applied N in the soil profile can be kept at a lower level than with a 
single, high-rate application. Baker and Timmons (1984) found that multiple applications of 
N using point injection resulted in greater corn yield than a single application using either 
deep banding or surface broadcasting of the fertilizer. Similarly, Kanwar et al. (1988) showed 
that a split fertilizer application with a lower total rate than the rate for the single application 
reduced NO3-N concentrations in the drainage without reducing corn yields. Several studies 
have been conducted to measure the loss of NO3-N through subsurface drainage (Baker et al., 
1975). Kawar et al. (1985, 1986) have summarized the results of various field experiments on 
the quality of subsurface drainage from croplands. These results indicate that, on the average, 
an equivalent of 20 to 40% of the applied N-fertilizers are being discharged to the surface 
water supplies through subsurface drainage waters. 
Hanway and Laflen (1974) found that plant nutrient losses in the drainage varied 
widely among different agricultural sites, but neither the losses nor the concentrations in the 
water were related to the amounts of fertilizer applied. Baker et al., (1975) further concluded 
that the large quantities of NO3-N lost from some the drains under modest fertilizer 
applications and the natural variation among the drains make it impossible to assign NO3-N 
losses to the use of fertilizer alone. 
Gast et al. (1978) reported that application of 112 kg N ha ~ resulted in only slight 
increases in NO3-N concentrations in the the water or total losses from the the lines as 
compared to the 20 kg ha-1 treatment. These results then indicate that there is relativel little Y 
increase in NO3-N loss from file lines or accumulation in soil profiles when N is applied at 
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recommended rates. Gast et al. (1978) found that graphs of NO3-N versus. depth in the soil 
profile show that, with the exception of the surface 0-30 cm where NO3-N tends to initially 
accumulate, there is a zone of accumulation at about 1.0 m with decreasing concentration 
below that depth. They concluded that N added in excess of that removed in the crop was 
largely lost through denitrification. 
Current Methods of Fertilizer Application 
Point Injector 
Current methods of fertilizer incorporation, either through tillage or through 
subsurface knife application, require tractive energy, and in addition, bury or destroy soil-
protecting surface crop residue. Losses of N through leaching or denitrification of NO3-N can 
be substantial, particularly under wet conditions and when NO3-N in excess of immediate 
crop needs is present in the soil. Currently, in the Corn Belt, fertilizer N usually is applied in 
a single preplant application as anhydrous NH3 in the fall or in early spring, granular urea, or 
urea ammonium nitrate (UAN) solution. This N is susceptible to loss once the soil warms and 
nitrification of NH3 to NO3 takes place. 
Baker et al. (1989) reported that losses of surface-applied fertilizers through surface 
runoff and volatilization of NH3 would be reduced to near zero through soil incorporation 
resulting from point injection. He further noted that because of the ease of application with 
the rolling point-injector applicator, multiple N applications could be made to more closely 




Knife injection of N fertilizer is a common application technique in the north-central 
region of the U.S. This technique leaves a porous knife slit in the soil above the injected 
fertilizer. This knife slit results in a soil zone more favorable to water movement than is the 
surrounding soil (Ressler et al., 1997). Ressler et al. (1998) reported that a knife applicator 
leaves two soil zones: (i) undisturbed soil with background N concentration and (ii) loose, 
porous, disturbed soil with an increased N concentration. The disturbed soil above the 
injected fertilizer commonly settles into the knife slit, leaving a depression that may channel 
nearby surface flow through the fertilizer band. 
Compaction and Flow Barriers 
Several management strategies have been proposed to reduce N leaching from 
agricultural lands. One recent strategy is to divert the flow of infiltrating water away from or 
around the N fertilizer. Such an approach was taken by Baker et al. (1997) as one way to alter 
water flow in soil by compacting the soil above applied fertilizer. Compacted soil can be 
used as a barrier to water flow, limiting water and chemical movement in the fertilizer band. 
Also, chemical incorporation associated with tillage can result in reduced leaching compared 
with no-till because macropores are disrupted and there is less bypass water flow (Kanwar et 
al., 1985). 
Baker et al. (1997) reported that after addition of potassium bromide (KBr) solution 
to a soil column that received a point injector with compaction (CPI), the soil in a 10-cm 
diameter area around the hole was compacted by dropping a 4 kg, 24-mm diameter metal rod 
100 times from a height of 10 cm. This method was chosen to provide a repeatable laboratory 
procedure for applying the compaction part of the CPI treatment. The resultant depressions 
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were refilled with extra topsoil taken from the plots. In the field, depressions of this size 
probably would require a load of 2000 to 4000 Newton. 
Ressler et al. (1998) reported that results from several recent studies show that the 
orientation and physical condition of surface soil layers play a role in chemical transport 
through the soil. Ressler et al. (1998) discuss that ridge tillage, a management practice 
developed to influence water and heat storage in row crops, was previously investigated as 
means to also reduce NO3-N leaching. Clay et al. (1992) and Hamlett et al. (1990) 
demonstrated that N injected into an elevated ridge was less susceptible to leaching 
compared with N injected into furrows between ridges or N injected into a level soil surface. 
Baker et al. (1997) and Kiuchi et al. (1994, 1996) have shown that compacted soil could be 
used above injected chemicals to divert water around the chemicals and reduce their 
leaching. 
A layer of compact soil immediately below the depth of plowing called a plow sole, 
and traffic soles are commonly observed in cultivated soils (Bauer et al., 1972). Tillage 
implements tend to produce localized compaction with the friction at the soil-metal interface 
(Nicholas et al., 1958). Reaves and Cooper (1960) reported that maximum compaction 
produced by track-type tractors occurred at about the 8-cm depth. Hira et al. (1979) discussed 
that the density and thickness of a compact zone depends upon the type of implement and 
traffic, nature of the soil, crop management, water content of the affected layer, and duration 
for which the compressive force works. Hira et al. (1979) reported that soil columns were 
compacted to bulk densities of 1.62 g cm"3 and 1.80 g cm"3. The presence of a compact zone 
in the soil columns affected the distribution of water and Cl from asurface-applied calcium 
chloride (CaC12) slug. The peak Cl concentration was higher in layered soil columns as 
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compared with unlayered columns (Hira et al., 1979). The C1 distribution and displacement 
of the peak C1 concentration appear to result from variation in molecular diffusion and 
hydrodynamic dispersion effects in layered and unlayered soil columns (Hira et al., 1979). A 
compact zone with smaller pores sandwiched between soils with larger pore size would cause 
the water to move under greater unsaturation even when the surface soil is saturated (Gumbs 
and Warkentin, 1972). Thus, pore combination below the compact zone which carries water 
in the layered columns may vary from medium to small sizes, but in the unlayered columns, 
the pores conducting water may range from large to small in size (Hira et al., 1979). The 
variation in the pore water velocity is reduced in the former case. As a result of this, 
longitudinal hydrodynamic dispersion of the salt slug is reduced (Hira et al., 1979). Further, 
as the solution passes through soil pores, anion exclusion limits the presence of C1 in 
relatively immobile water adjacent to a more mobile zone of downward moving water stream 
(Van Schaik and Kemper, 1966). Within the compact zone, a proportion of water, which is 
relatively immobile and free from Cl due to anion exclusion effects, becomes greater (Hira et 
al., 1979). Consequently, C1 is increasingly concentrated within smaller quantities of the 
relatively mobile water, and thus leads to greater leaching of soluble salts (Hira et al., 1979). 
Improved Management Practices 
To help minimize NO3-N losses from agricultural lands, improved management 
practices need to be adopted. A modified surface configuration combined with fertilizer N 
placement away from zones of substantial vertical water movement should help to minimize 
NO3-N leaching (Hamlett et al., 1990). Hamlett et al. (1990) reported that one such 
configuration is the ridge-tillage system in which elevated ridges are constructed by forming 
inverted v-shaped mounds of soil. He further noted that N fertilizer can be placed in the 
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elevated portion of the ridge. Runoff from the ridges will concentrate in the valleys, below 
and away. from the area of greatest N concentration. With this configuration, the potential for 
NO3-N leaching should be less than with traditional, flat tillage systems (Hamlett et al., 
1990). 
Hamlett et al. (1990) investigated the water movement and NO3-N and Br 
concentrations within the upper 1.2 m of the soil for ridge and flat tillage configurations. 
With fertilizer solution placed in the ridge row, NO3-N leaching was less likely because more 
water moved though the ridge midrow zone instead of the ridge row. For a SO-mm rain, while 
less water was stored from the flat plot (81%recovery) than from the ridge plot (95% 
recovery), more water was stored in the untracked ridge row and flat row zones than in the 
tracked ridge midrow and flat midrow (Hamlett et al., 1990). Comparison of ridge row and 
ridge midrow profiles provided further evidence that runoff moved from the ridge row to the 
ridge midrow and then downward into the soil. Comparing ridge row and flat row profiles 
illustrated that less NO3-N moved downward in the ridge plot in contrast to the flat plot 
(Hamlett et al., 1990). These data suggest that the ridge helps to isolate NO3-N from leaching 
even when equal downward water movement occurs. The ridge configuration concentrated 
more runoff in the midrows, therefore, more water infiltrated below and away from the 
fertilized zone. 
Kiuchi et al. (1996) explored an approach to reducing anion leaching through the use 
of a subsurface water-flow barrier. Studies have indicated, in theory, that the presence of a 
localized, impermeable subsurface barrier should direct infiltrating water away from the 
barrier and reduce the flow rate in the vicinity of the barrier (Kiuchi et al., 1996). Thus, It 1S 
conceivable that NO3-N leaching could be reduced if the fertilizer is placed in a "low-flow" 
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region just above or below a barrier. One way to alter water flow in soil is to compact the 
soil. Soil compaction destroys the large voids and channels that may readily conduct 
rainwater in the upper soil profile. The reduced porosity of compacted soil makes it difficult 
for water to infiltrate (Ankeny et al., 1990). If compaction occurs in localized zones, much of 
the infiltrating water is directed away from the compacted soil zone and toward more 
permeable, uncompacted soil. Further, water flow just above and below the compacted soil 
layer should be reduced. It is, therefore, conceivable that a compacted soil zone will serve as 
a water flow barrier. NO3-N placed just below a compacted zone of soil is less likely to be 
immediately carried down by the infiltrating water (Kiuchi et al., 1996). 
The same principle might be applied to conventional fertilizer banding with a knife 
applicator. During normal operation, knife applicators create a furrow partly filled with loose 
soil directly above the fertilizer band. Undoubtedly, the soil above the fertilizer band is very 
permeable and provides pathways for preferential water flow directly through the band. 
Therefore filling in the knife furrow and compacting the soil above the fertilizer band may 
redirect some of the water flow away from the applied fertilizer. 
Kiuchi et al. (1996) reported that localized compaction zones need not be detrimental 
to crop growth. First, only small volume of soil needs to be compacted. Secondly, plant roots 
are capable of compensating for the reduction of growth caused by unfavorable conditions, 
such as soil compaction, in part of the root zone by proliferating in more favorable soil zones 
(Willis et al., 1963 and Kasper et al., 1991). Thus, it is expected that corn roots can encounter 
banded fertilizer by growing around a compacted soil zone. 
Kiuchi et al. (1996) examined the effect of subsurface water-flow barriers on leaching 
losses of NO3-N and Cl with no subsurface barrier (NB), a polyethylene sheet placed above 
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the chemical band (PA), a polyethylene sheet placed below the chemical band (PB), a 
compacted soil layer formed in situ above the chemical band (CL), and the check (CK), with 
no subsurface barrier or application of Cl and NO3-N. Kiuchi et al. (1996) reported that 
leaching loss of Cl was significantly reduced when subsurface flow barriers were used. 
Among the three barriers tested, a plastic sheet placed above the band (PA) was the most 
effective subsurface barrier and a compacted soil layer above the band (CL) was the least 
effective in reducing leaching loss of Cl. However, all three subsurface flow barrier 
treatments significantly reduced leaching loss of Cl compared with NB. Cumulative leaching 
loss of NO3-N after 350 mm of drainage was significantly reduced when subsurface barriers 
were used Kiuchi et al. (1996). 
Localized Compaction and Doming (LCD) 
Surface ridges, compacted soil layers, and macropore disruption are strategies that 
can reduce leaching. Ressler et al. (1997) described an N fertilizer applicator involving 
localized compaction and doming (LCD) that attempts to combine these strategies to smear 
and close macropores below the N-injection knife, fill and compact soil into the knife slit, 
and cover the fertilizer band with a surface ridge or dome. 
In a practical way, the route of water movement relative to the location of an anion 
like NO3-N might be altered through localized compaction at the point of anion application. 
This could be accomplished by modification of the point-injector fertilizer applicator (Baker 
et al., 1989). For example, Baker et al. (1997) suggested that a second wheel with "feet" 
could be added and synchronized to follow the point-injector wheel. 
An N fertilizer injector has been designed and built that forms a locally compacted 
soil layer and a surface ridge or dome, LCD, over the injected fertilizer band (Ressler et al., 
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1997). The injector includes a knife with a triangular, horizontal shoe at the base that smears 
the soil at the bottom of the knife slit to close any existing macropores. A cone disk guide 
wheel follows the knife, to close the knife slit and compress a soil layer over the fertilizer 
band. Another following wheel completes the closure of the slit and mounds soil over the 
fertilizer band. These soil manipulations are performed in between crop rows at the time of 
fertilizer injection, and no additional soil management was conducted during the growing 
season (Ressler et al., 1998). Reesler et al. (1997) described that physical properties of the 
soil within the dome and subsurface barrier indicated that the soil manipulations with the 
LCD injector reduced water flow through the injected fertilizer band compared with the 
conventional knife injector. Measurement of soil bulk density, water infiltration, and soil 
penetration resistance around both conventional knife-injected and LCD-injected fertilizer 
bands indicate that the probable water flow path would be diverted around the LCD fertilizer 
band rather than through it, as is the case with the conventional knife fertilizer band. Ressler 
et al. (1997) compared such properties of soil and showed that the conventional knife slit was 
filled with loose soil that had low bulk density. The bulk density measured in the knife slit 
was 1.2 g cm"3; whereas, the average bulk density of the undisturbed soil surrounding the 
knife slit was 1.4 to 1.5 g cm-3. The loose soil in the knife slit had a porosity of 0.53, 
compared with the porosity of 0.44 for undisturbed soil. The compacted soil layer generated 
by the LCD applicator was a diagonally oriented soil wedge of bulk density 1.4 g cm-3. 
Ressler et al. (1997) in his study reported that the ponded infiltration rate after 30 min 
for soil above a conventional knife band was 19.7 cm h-l . In contrast, the infiltration rate for 
soil above an LCD band was 10.1 cm h~l, a statistically significant reduction in surface 
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infiltration. The reduced infiltration rate was caused by the smaller porosity and thus the 
increased hydraulic resistance of the compacted layer. 
Ressler et al. (1998) showed that LCD-injected anions (2,6-difluorobenzoic acid, 
pentafluorobenzoic acid, and o-(trifluoro-methyl) benzoic acid) were less susceptible to 
leaching to subsurface drains in lysimeters than conventional knife-injected or broadcast 
anions. Ressler et al. (1998) noted that the pattern of solute redistribution in the knife plot 
suggests that transport was dominated by downward movement with water (i.e., advective 
transport or mass flow). The LCD plot instead showed a more diffusive redistribution, which 
suggests water flow through the injected chemicals was reduced compared with the 
conventional knife treatment. Surface layer masses of NO3-N and Br were greater for the 
LCD plots than those of conventional knife plots. This suggests that, during a year when 
precipitation is abundant, the LCD method limits movement of N out of the injection zone 
near the soil surface, and thus reduces leaching. Localized compaction around the point of 
anion application significantly reduced anion leaching in undisturbed columns of soil 
compared with surface-broadcast or undisturbed point-injector applications (Baker et al., 
1997). 
The conventional knife profile showed that the NO3-N center of mass moved to 
below 3 0 cm, and the maximum concentration was 5 9 mg kg~ 1. In contrast, the center o f mass 
in the LCD profile was approximately 20 cm deep, and the maximum concentration was 128 
mg kg-1. The lower edge of the NO3-N mass applied by the LCD applicator 20 m k -1( g g ) 




Schuh et al. (1997) used three tracers to evaluate the movement of water and solutes 
from the soil surface to the Carrington aquifer. Applied tracers included Br (87 kg Br ha t as 
KBr) and Cl (380 kg Cl ha 1 as KCl). Bromide and Cl are highly water soluble and have 
minimal adsorption and precipitation tendencies under normal field conditions. 
Ressler et al. (1998) performed leaching and yield investigations on Nicollet slit 
loam. Injection treatments were (i) injection of liquid solution containing calcium nitrate 
(CaNO3) and KBr using a conventional knife injector and (ii) injection of the same liquid 
solution using the LCD injector (Ressler et al., 1997). Calcium nitrate fertilizer solution was 
applied to maintain constant and reproducible NO3-N injection rates for the plots. 
Additionally, the solution contained Br as tracer of NO3-N movement. Bromide moves 
similarly to NO3-N in this soil, but is not subject to the microbial processes and gaseous 
losses that may affect soil NO3-N concentrations (Kessavalou et al., 1996). Because Br is not 
native to these soils, distributions determined during soil sampling gave a clear 
representation of soluble chemical movement in the soil (Ressler et al., 1998). 
Rainfall Simulation 
Meyer et al. (1979) reported that soil erosion data can be obtained more rapidly and 
efficiently by using simulated rainfall rather than relying on natural rainfall. To evaluate row 
sideslope erosion, runoff, and sediment-size distributions for various typical field conditions, 
a new rainfall simulator was designed and constructed. Design characteristics included: 1. a 
wide range of intensities that are typical of erosive rainstorms; 2. drop size, velocity, and 
impact energy characteristics similar to those of natural rainstorms; 3. capabilities to apply 
simulated rainfall uniformly to a short length of cropped row or other small interrill area; and 
4. minimum time between simulated raindrop applications, if intermittent. 
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Meyer et al. (1979) described that the spray nozzle oscillates in an arc of about 90° , 
but aclutch-brake was added to delay the nozzle after each pass across the research plot. 
Delay time is varied by an electronic timer to give a wide range of application intensities. 
Although this causes an intermittent application of spray, intermittent spray is used on many 
rainfall simulators because it is the best compromise for attaining the necessary larger drops, 
greater impact velocities, and reasonable intensities. 
Meyer et al. (1979) further reported that two Veejet nozzles (spraying systems 
company) are mounted side-by-side so that either can be used for rainfall application. The 
impact velocities of different drop sizes fora 3-m (10-ft) fall and a nozzle pressure of 41 N 
m"2 (6 psi) were used. Each pass of the nozzle across the plot takes just less than 0.5 s. The 
duration of the delay after each pass determines the rain intensity, and the timer that controls 
this duration can be set for delays from 0 to 10 s by 0.1-s intervals. Tests using this 
equipment have shown that it can provide useful data on row—sideslope erosion, runoff rates, 
and sediment size distributions (Meyer et al., 1979). 
Baker et al. (1997) performed rainfall simulation with soil columns to study localized 
compaction and doming to reduce leaching of inj ected anions. Rainfall was simulated by 
using three rows (70 cm apart) of oscillating nozzles, 107 cm in a row, operating at a 
pressure of 6.2 N cm-2 (Meyer and Harmon, 1979). Rainfall intensity was controlled b the 
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time delay between sweeps over the column. All soil columns were positioned in exactly the 
same location, 3 m under the simulator, with the edges of columns at 45° to the direction of 
the nozzle sweep (Baker et al., 1997). 
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CHAPTER 3. USING RAINFALL SIMULATION AND TRACER ANIONS TO 
STUDY THE EFFECTS OF SOIL BULK DENSITY AND SOIL MOISTURE ON 
NITRATE LEACHING CHARACTERISTICS. 
A paper to be submitted to the Transactions of ASAE for publication 
A. A. Nasritdinov, J. Zhou, and J. L. Baker 
Abstract 
Potential NO3-N leaching losses with subsurface drainage are of considerable 
concern, particularly in the Midwest. The overall purpose of this research was to study the 
effects of soil bulk density in the zone of N application and initial soil moisture on NO3-N 
leaching from surface soil during the laboratory rainfall simulation with the help of tracer 
anions. Simulated rainfall was applied at an intensity of 6.5 cm h-1 for 70 min to soil pans 
with compacted soil bars, containing additional NO3-N, of 1.10, 1.33, 1.57, and 1.81 g cm-3
bulk density and initial soil moisture contents of 10 and 1 S% by mass. Surface runoff, 
subsurface drainage, and sail and sand extract samples were analyzed for NO3-N, Br, and Cl 
concentrations. Surface runoff losses of NO3-N and Br were greater at 15%moisture content 
because of greater runoff volumes. Higher bulk density in the zone of N application caused 
lower concentrations and losses of NO3-N in the subsurface drainage, resulting in a 
significant difference between bulk densities. The 15%moisture content produced less NO3-
N leaching losses because subsurface drainage began later and had a lesser volume. Nitrate-
nitrogen mass balance indicated that higher bulk density and moisture content resulted in 
retention of greater amounts of NO3-N in soil. Bromide concentrations and losses and Cl 
losses in subsurface drainage were lower at 1 S%moisture content. 
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Introduction 
The use of inorganic fertilizers, particularly N, has been recognized for much of the 
increase in corn yields in recent years. Baker et al. (1989) reported that in the U.S., yields 
increased from below 1.9 t ha 1 in the 1930s to more than 6.9 t ha I in 1980. They also 
reported that in the same period, annual total fertilizer use of all crops increased from less 
than 2 million to more than 20 million t. Between 1960 and 1980, total plant nutrient use in 
the U.S. increased on average 5.8%per year. Nationwide, the average growth rate for N of 
7.4%per year has been the highest of the three primary plant nutrients, N, phosphorus (P) 
and potassium (K). Baker et al. (1989) found that leaching occurs when the mobile NO3 ion 
moves through the soil profile with excess water. Baker et al. (1975) found that an average of 
31 kg ha' (281b ac 1) per year of NO3-N was lost with 150 mm (5.9 in) of subsurface 
drainage water, with a maximum of 93 kg ha 1 (83 lb ac~l) lost in one year with 360 mm (14.2 
in) of flow from an individual subsurface drain. 
Subsurface fertilizer banding using a conventional knife applicator is one of the most 
common methods for N fertilization of corn in the North Central Region of the U.S. A knife 
is pulled through the soil to open a furrow into which a fertilizer can be injected. Anhydrous 
ammonia (NH3) is the most widely used N source in this type of application. Knifing 
incorporates the N fertilizer so that volatilization losses of NH3 can be limited. However, N 
fertilizer losses by NO3-N leaching from the root zone are as troubling as losses to 
volatilization, because of the environmental and health risks associated with NO3
contamination of water resources. 
Several management strategies have been proposed to reduce N leaching from 
agricultural lands. One recent strategy is to divert the flow of infiltrating water away from or 
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around the N fertilizer. Such an approach was taken by Baker et al. (1997) as one way to alter 
water flow in soil by compacting the soil above applied fertilizer. Compacted soil can be 
used as a barrier to water flow, limiting water and chemical movement in the fertilizer band. 
Ressler et al. (1997) illustrated that the LCD-injected (Localized Compaction and Doming) 
chemicals showed significantly less leaching compared with the conventional knife-injected 
chemicals. Ressler et al. (1998) reported that results from several recent studies show that the 
orientation and physical condition of surface soil layers play a role in chemical transport 
through the soil. Ressler et al. (1998) showed that the mass fraction leached was reduced by 
diverting water around an injected chemical band by closing macropores at the bottom of the 
knife slit, and by closing the knife slit with a compacted soil layer and a surface dome. 
Nitrogen fertilizer must remain in the rootzone to be taken up by plants. Thus, a 
means of reducing the percolating water flow rate or diverting percolating water away from 
applied N fertilizer should help maintain fertilizer N in the rootzone for an extended period. 
A localized, impermeable subsurface barrier will divert infiltrating water away from the 
barrier. Low-flow regions should occur within and just above and below the centerpoint of 
the barrier. Leaching of NO3-N maybe reduced if fertilizer is placed in that low-flow region. 
In effect, compacted soil may act like a subsurface flow barrier and water flow maybe 
directed away from the applied fertilizer. 
The overall purpose of this research was to study the effects of bulk density in the zone of 
N application and soil moisture on NO3-N leaching from surface soil during the laboratory 
rainfall simulation with the help of tracer anions. Specifically, simulated rainfall with Br 
dissolved in it was applied to soil in pans of two different initial soil moisture contents and 
that had been treated with NO3-N and Cl, with the following objectives: 
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1. To study the impacts of two levels of soil moisture and four levels of bulk density in 
the zone of N application on the leaching characteristics of NO3-N. 
2. To use this information to help in the development/improvement of N application 
methods/equipment. 
Materials and Methods 
The study reported here was conducted in the Porous Media Laboratory in the 
Agricultural and Biosystems Engineering Department on the Iowa State University campus. 
Simulated rainfall was applied to soil runoff pans to evaluate the effectiveness of using tracer 
anions to study the fate and transport of solutes in surface runoff and subsurface drainage, 
and to determine the impact of soil moisture content and bulk density in the zone of N 
application on the transport of N~3-N. The determination of volumes of surface runoff, 
subsurface drainage, and water storage in the soil were part of the analysis. Two levels of 
initial soil moisture content (10 and 15 %) and four levels of bulk density (1.10, 1.3 3, 1.5 7, 
and 1.81 g cm-3) were tested in a factorial experiment for a total of eight treatments, with 
three replications per treatment. The treatments are denoted as 10% moisture, 1.10 g cm~3
bulk density (10-1.10); 10% moisture, 1.3 3 g cm-3 bulk density (10-1.3 3 ); 10% moisture, 
1. S 7 g cm-3 bulk density (10-1.5 7); 10% moisture, 1.81 g cm-3 bulk density (10-1.81); 15 
moisture, 1.10 g cm-3 bulk density (1 S -1.10); 15 %moisture, 1.3 3 g cm-3 bulk density (15 - 
1.3 3 ); 15 %moisture, 1.5 7 g cm-3 bulk density (15 -1.5 7); 15 %moisture, 1.81 g cm-3 bulk 
density (15 -1.81) . 
Soil 
The soil used for this study was obtained from Iowa State University research center 
near Ames. The soil was mapped as Nicollet loam (42% sand, 52% silt, and 6% clay) with 1 
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to 3 % slope, and somewhat poorly drained on slightly convex or plane slopes on knolls and 
swales. The soil was taken from the top 25 cm of a field in acorn-soybean rotation. Prior to 
use in rainfall simulation, the soil was sieved on 5- and 2- mm screens to separate residue and 
to remove large soil aggregates, then mixed in a portable, rotating drum concrete mixer to 
establish homogeneity. The sieved soil was analyzed for the background levels of NO3-N, Cl, 
Br, and moisture content. The 10 or 15% soil moisture, by weight, was created by adding 
distilled water with C1-tracer in it to the soil through a pressurized spray nozzle while mixing 
the soil in the rotating concrete mixer drum. After addition of water, the soil was thoroughly 
mixed for 30 min and then was transferred to plastic bags and stored in containers located 
indoors for at least 3 days before being used. 
Runoff Pans 
Plastic lids of large storage containers were used as runoff pans. The dimensions of 
plastic pans were 81.2 cm long by 42.2 cm wide, resulting in 3 3 96 cm2 rainfall collection 
surface area. The dimensions of the soil surface area were slightly less (because of a small 
shoulder in the pan needed for strength) at 80.5 cm long by 41.0 cm wide resulting in a 3281 
cm2 surface area (Figure 3-1). A 0.95-cm inside diameter perforated polyethylene drain tube 
was inserted into the bottom of each pan to serve as a subsurface drain. Fine silica sand was 
placed in the bottom of each pan over the drain tube to a depth of 3.8 cm; and above the sand, 
a predetermined mass of soil (27.4 kg dry weight) was compacted in three successive layers 
to a 7.6 cm thickness, resulting in a dry bulk density of 1.1 g cm~3. The second layer was 
divided into two sublayers, and a compacted soil bar with line source of NO3-N in it was 
placed in two parts in line between those sublayers. Since the length of the u-shaped channel 
used to prepare the compacted bar was only half of that of runoff pan, the bar consisted of 
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two parts placed end-to-end in the runoff pan. Sheets of cheesecloth and fiberglass screen 
were placed between the sand and soil layers to keep them apart and to allow for separation 
later. Twelve-cm tall plexiglas sideboards were attached at the rim of each pan to reduce 
water and sediment loss due to raindrop splash. Prior to simulation, each pan was tilted at 4% 
slope. The runoff pans were positioned a 3.05 m below the rainfall simulator. 
Figure 3- l .Schematic diagram of soil pan. 
Compacted Soil Bars 
Aluminum channels were used as "forms" to hold the soil in a rectangular cross-
section as it was being compressed to create compacted soil bars. The dimensions of 
aluminum channel were 3 8.100 cm long by 2.667 cm wide by 2.286 cm high, resulting in 
101.61 cm2 surface area and 232.29 cm3 volume. Each aluminum channel was acked with p 
255.5 g (dry weight) of soil, with 19 mL of Ca(NO3)2 added to it, which gave an initial bulk 
density of 1.1 g cm-3. A "Sintech" computer-integrated testing machine b MTC Co oration y ~ 
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was used to compress the soil bars to the desired bulk densities (see Figure 3-2). The 
computer-controlled system allowed good repeatability. Compression was done by using a 5- 
Newton grid cell and iron press bar attached to it with dimensions fitting inside the aluminum 
channel. The entire process of compaction was controlled by using computer software 
integrated with the machine. The key factor in compression was the distance of traveUdepth 
of compression, which determined the final soil bulk density. Software was used to input 
values for the speed of movement of the press bar attached to a grid cell and the time of 
travel. By fixing the speed and varying time of travel, the desired distance of travel was 
reached, which was related to bulk density. Travel speed was set at 0.0254 cm miri 1 (0.01 in 
miri 1) and time of travel was set to be the stop point for compression. For example, the 1.81 
g cm 3 bulk density required a final soil volume of 141.17 cm3 (V=255.5/1.81) and soil depth 
of 1.39 cm (d=V/A=141.17/101.61). Thus, the distance of travel of the compression grid cell 
from the start at the original soil surface was 0.8967 cm (2.286-1.389), requiring 35.31 min. 
The plastic wrap was placed inside the aluminum channel to create less friction between soil 
and aluminum channel for easier removal of soil after compaction. After compression to the 
desired density was complete, the compacted soil bars were allowed to set at room 
temperature for one day before they were removed from the aluminum channels. This 
allowed the soil bars to partially dry and made possible their removal from the aluminum 
channels without breaking them. 
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5 Newtons grid cell Aluminum channel 
with soil bar 
Figure 3-2. Picture of compressing apparatus. 
Nitrate Application and Tracer anions 
Two tracer anions, C1 and Br were used to evaluate the movement of water and 
solutes from and through the soil to surface runoff and subsurface drainage. Chloride was 
added to soil (an equivalent to 112 kg ha-1 for the area of the layer of soil 7.6 cm deep at a 
bulk density of 1.1 g cm-3) in water solution and the soil was stored for at least three days 
indoors. Bromide was added to rainwater (at 50 mg L"') and rained upon the soil pans. 
Nitrate-nitrogen (112 kg ha i as Ca(NO3)z) was added to the soil that was compacted into the 
soil bars. Each soil bar received 19 mL of NO3-N solution treatment prior compaction, with 
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two compacted bars placed end-to-end in each soil pan (two bars were used, instead of one, 
for reason of ease of preparation and handling). 
Procedure 
Two runoff pans were used simultaneously during each rainfall simulation run. 
Rainfall was applied to the pans at the rate of 6.5 cm h"l. Before and after rainfall simulation, 
soil and sand samples were taken for determination of initial and final moisture contents; the 
total weight of the soil-water-pan system was also taken before and after simulation to cross- 
check water storage calculations. An indoor rainfall simulator with 12 spray nozzles located 
overhead in three lines was used to produce simulated rainfall. The simulator was positioned 
3.05 m (10 ft) above the runoff pans (See Figure 3-3). The combination of nozzle height, 
operating pressure of 6.9 N m 2  (10 psi) at the point of measure (41 N m 2  (6 psi) at the 
nozzle), and flow rate created droplet sizes and velocities similar to natural rainfall. An 
electronic timer that controlled the sweep period of the nozzle could be adjusted to attain the 
desired rainfall intensity. 
The intensity and volume of rainfall were measured with an aluminum channel 
rainfall collector, 101.5 cm long by 3.2 cm wide, placed between the two pans, and with six 
2.5 cm diameter rain gages placed around pans. Rainfall and runoff from the two pans were 
individually routed through transfer tubes to sample containers on electronic balances (see 
Figure 3-3). Pan surface runoff samples were collected at 2-min intervals after the start of 
runoff and subsurface drainage samples were taken at 4-min intervals after the start of 
drainage. The subsurface drain tube was left open until the start of rainfall, when a small 
vacuum pressure of 12 cm of water was applied to each subsurface drain tube by an electric 
vacuum pump to expedite sampling of subsurface drainage water. 
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After the rainfall simulation was completed, soil and sand from the pans were 
separated, sampled for moisture content, and transferred to large plastic containers for anion 
extraction and analysis. Extractions were performed using a 2:1 ratio by weight of distilled 
water to soil/sand. Soil/sand and water were thoroughly mixed with a heavy duty electrical 
drill and stirring rod twice for 5 to 10 min intervals prior to extract sampling. 
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Figure 3-3. Rainfall simulator, surface runoff, and subsurface drainage collection apparatus. 
Analysis 
Pan surface runoff samples collected every 2 min and weighed, were then composited 
into samples for chemical analysis. The first two samples were used to make up the first 
composite sample, and every four samples after that were used to make up the rest of the 
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composite samples. Subsurface drainage samples, collected every 4 min, were retained as 
individual samples. Water samples were analyzed for NO3-N, Br, and Cl concentrations. 
Nitrate-nitrogen was analyzed by the automated flow injection cadmium reduction 
method using a Lachat Quickchem 2000 Automated Ion Analyzer system. In this method, 
NO3-N is reduced to nitrite (NOZ) by a cadmium/copper column. Nitrite is diazotized with 
sulfanilamide and then reacted with N-(1-naphthyl-)-ethylenediamine dihydrochloride at a 
pH of 8.5 to form a colored (pink to red) azo compound, whose intensity is proportional to 
the amount of NO3-N plus NOZ-N in the sample. Measurements were made with a 
colorimeter at a wavelength of 520 nm, and NO3-N + NO2-N concentrations in samples were 
determined by comparing sample absorbance with those obtained from a calibration curve 
comprised of standards containing NO3-N concentrations from 0.25 to 30.0 mg NO3-N L"l. 
Cl analyses were performed by the automated flow injection ferricyanide method 
using the same Lachat 2000 Automated Ion Analyzer system. Chloride forms a soluble 
complex with mercuric thiocyanate. The freed thiocyanate ion reacts with iron(III) to form a 
red-orange colored compound whose intensity is proportional to the concentration of the Cl 
in the sample. Measurements were made with a colorimeter at a wavelength of 480 nm. 
Chloride concentrations in samples were determined by comparing sample absorbance with 
those obtained from a calibration curve comprised of standards containing Cl concentrations 
from 1.00 to 100 mg Cl L-1. 
Bromide analyses were performed by the automated flow injection phenol red method 
using the same Lachat 2000 Automated Ion Analyzer system. Chloramine-T reagent 
oxidizes bromide to bromine which is then brominated with phenol red (buffered at pH of 
4.5-4.7) to form a reddish to brown colored compound whose intensity is proportional to the 
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concentration of Br in the sample. Measurements were made with a colorimeter at 590 nm. 
Bromide concentrations in the sample were determined by comparing absorbance of the 
sample with a calibration curve based on absorbances of standards containing Br 
concentrations from 1 to 60 mg Br L"1. 
A complete randomized block design was used with three blocks and 24 experimental 
units (Ei~, each block being four bulk densities and two moisture contents, and an EU being 
a pan of soil. A 2x4 factorial was used and analysis of variance (ANOVA) was performed 
using two tests: student's t-test and least significant difference test (LSD). The Statistical 
Analysis System (SAS) was used for developing relationships between moisture content of 
soil and bulk density and NO3-N in subsurface drainage. 
Results and Discussion 
Water Mass Balance 
Rainfall simulations of 6.50 cm h-1 (2.55 in h-1) intensity were applied to all pans for 
the duration of 70 min, resulting in 7.5 8 cm of rain. The mean rates of surface runoff and 
subsurface drainage averaged over replications versus time are shown in Figures 1 through 8 
for the eight treatment combinations. The mean rates of runoff and subsurface drainage for 
10 and 15%moisture contents averaged over replications and bulk density treatments 
(density of the NO3-N treated soil bars did not have an effect on the overall hydrology) are 
shown in Figure 9. The cumulative infiltration for 10 and 15%moisture contents averaged 
over replications and density treatments are shown in Figure 10. The impact of the soil 
moisture content and bulk density on hydrology and water mass balance is given in Tables 1, 
2, and 4. Effect of moisture content on water storage in the soil and sand, as well as final 
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moisture contents of soil and sand are shown in Table 3. Infiltration analyses for moisture 
content effects are shown in Table 5. 
Surface Runoff 
The moisture content effect was significant (P<0.0001) for surface runoff start times 
and runoff volumes. Surface runoff began sooner for treatments with 15%moisture than for 
those with 10%. The time-to-runoff for treatments with 15%moisture on average was 11.3 
min while for treatments with 10% moisture it was 21.8 min. The 15 % soil moisture content 
resulted in greater volumes of runoff than 10% soil moisture content, with average volumes 
of 5.1 and 3.3 cm, respectively. It is possible that the rainfall energy falling on the soil with 
the higher initial soil moisture increased sealing off of the soil surface during rainfall and 
decreased water infiltration into the soil, resulting in more runoff (and also in less subsurface 
drainage). The trend of accumulated infiltration with time can be seen in Figure 10. Because 
the compacted soil bars represented only 3 % of the soil surface area and only 0.9% of the soil 
volume for the 1.1 g cm"3 density (even less for the other bulk densities), the effect of bulk 
density treatment did not have a significant effect on surface runoff start times and volumes. 
Subsurface Drainage 
The effect of soil moisture content was significant (P<0.0001) for subsurface drainage 
start times and volumes. Higher subsurface drainage rates and earlier drainage start times 
produced significantly more subsurface drainage volumes from the 10% moisture treatments 
than from the 15%moisture treatments. The 10% soil moisture treatment produced 1.7 cm of 
subsurface drainage on average, while 15% soil moisture produced 0.6 cm. Average times-
to-drainage for the 10 and 1 S%moisture contents were 28.7 and 43.7 min, respectively. 
Timing and volume of subsurface drainage was unexpectedly faster and greater, respectively, 
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for soils with the 10% moisture content treatment. The effect of bulk density treatment on 
subsurface drainage start times and volumes did not have a significant effect due to fact that 
the compacted soil bar represented very small percentages of the soil surface area and soil 
volume in the pan, as discussed in the previous section. 
Storage 
The effect of initial soil moisture content was significant on water storage in the soil. 
As expected, more rainwater was stored in the soil for treatments with 10% moisture content 
than those with 15%, with an average of 2.32 and 1.55 cm stored, respectively. Furthermore, 
initial soil moisture content had significant effect on final soil moisture contents, with 
average values of 37.4 and 33.5% for 10 and 15% initial moisture contents, respectively. 
Greater storage for the 10% moisture content can possibly be explained by greater water 
holding capacity of the soil and more rapid infiltration rates (see Figure 10). Hydrological 
analyses in Table 5 indicate that time to wet the soil from 10 to 15%moisture should have 
only taken 3.9 min. Based on the information from time-to-runoff for 15%moisture, 
predicted time to runoff for 10% moisture was 15.2 min. However, the time-to-runoff was 
6.6 min later. Furthermore, time-to-subsurface drainage for 10% moisture content was 19 
min early. In theory, final moisture contents would have been expected to be the same for 
both 10 and 15%initial moisture contents, with the difference of 5% in initial moisture 
content equal to 0.40 cm of water. However, the difference between 10 and 15%moisture 
treatments was 0.77 cm of water storage, which is greater than 5%. One possible reason for 
such a difference maybe due to differences in packing and soil aggregate sizes (and possibly 
trapped air) of the soil at different initial moisture contents. 
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Measured values of final soil moisture content were compared to moisture content 
data obtained by professor Jian Zhou using Time Domain Reflectometry (TDR). They 
showed that the effect of initial soil moisture content was significant on final soil moisture 
contents. They also showed similar differences in final soil moisture contents. The 
correlations for measured final soil moisture content and that measured by TDR were 
statistically significant (P=0.035) for 10% initial moisture content treatment. However, 
probably due to narrow ranges in moisture contents for 15%initial moisture treatment, the 
correlations were not significant. Not surprisingly, initial soil moisture content did not have a 
significant effect on water storage in sand. 
Recovery 
Average rainfall recoveries of the intended 7.5 8 cm for 10 and 15 %moisture were 
7.97 and 7.93 cm, respectively, resulting in very good percent recovery as shown in Table 2. 
Negative differences in Table 2 indicate some rainwater missing from the system. The most 
logical source of error in these analyses would be the measured rainfall amounts because of 
possible spatial variability. Greater amounts of water were recovered in surface runoff than in 
subsurface drainage. Bulk densities of the soil bars did not have a significant effect on 
storage volumes and recoveries of rainwater. 
Tracer Anions Movement and Mass Balance 
The concentrations of NO3-N, Br, and Cl in surface runoff and subsurface drainage 
versus time for 10 and 15 %moisture contents are displayed in Figures 11 through 20. The 
impacts of soil bulk density and soil moisture content on the average flow-weighted 
concentrations and losses of NO3-N, Br, and C1 in surface runoff and subsurface drainage are 
provided in Tables 6 through 11. In addition, the impact of moisture content and bulk density 
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on the amount of NO3-N, Br, and Cl retained by soil and sand are shown in Tables 12 
through 14. Mass balances for all tracer anions are shown in Tables 15 through 17. 
Comparison between three anions on %lost with surface runoff and subsurface drainage is 
shown in Table 18. The interaction of bulk density with moisture content for NO3-N loss in 
subsurface drainage and NO3-N retained by sand are shown in Figures 21 and 22. 
Surface Runoff 
Concentrations of NO3-N in surface runoff were very low, ranging from 0 to 0.5 mg 
L-1 for both 10 and 15%moistures contents. The impacts of soil moisture content and bulk 
density treatments on NO3-N flow-weighted runoff concentrations were not significant. Since 
compacted soil bars with NO3-N source were placed in the middle of soil pan, 3.8 cm (1.5 in) 
below the soil surface, and because the compacted soil bar represented only 3% of the soil 
surface area and at most 0.9% of the soil volume, interaction of surface runoff water with the 
locally compacted NO3-N source was not significant. It is likely that most of the NO3-N in 
surface runoff was contributed from the soil background source. 
The difference in NO3-N loss in runoff was significant for moisture content 
treatments (P=0.0049), but was not significant for bulk density treatments. Nitrate-nitrogen 
losses were 0.03 and 0.05 kg ha 1 for 10 and 15% moisture treatments, respectively. Not 
surprisingly, the higher volumes of runoff at 15%moisture caused higher losses of NO3-N. 
There was generally a slight difference in concentration of Br in surface runoff 
compared to that in rainwater due to dilution of Br in rain water with the water initially in the 
soil. Concentrations of Br in surface runoff ranged on average between 47 and 52 mg L-1 for 
both 10 and 15%moisture contents, resulting in good agreement with Br concentrations of 
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50 mg L"1 in rain water. According to student's t-test, the impacts of soil moisture content 
and bulk density on Br flow-weighted runoff concentrations were not significant. 
As with NO3-N, the effect of soil moisture content was significant for Br loss in 
runoff (P=<0.0001), and effect of bulk density was not significant. Bromide losses in runoff 
were 16.62 and 25.72 kg ha 1 for 10 and 15%moisture treatments, respectively, reflecting 
similar trends in runoff volumes. 
The Cl concentrations and losses in surface runoff were below detection limits. Due 
to Br interference in runoff samples, values for C1 concentration were adjusted, resulting in 
values below 1.0 mg L"1, the detectable limit. 
Subsurface Drainage 
The impact of bulk density on flow-weighted NO3-N concentrations in subsurface 
drainage was significant (P=0.0009). The concentrations of NO3-N in subsurface drainage 
averaged over 10 and 15%moisture contents were 130.5, 176.8, 432.2, 656.3 mg L"1 and 
were in the order o f 1.81 < 1.5 7< 1.3 3 < 1.10 g cm"3 bulk density treatments . According to the 
LSD test, concentrations for 1.81 and 1.57 g cm"3 were significantly different from those for 
1.3 3 and 1.10 cm"3. g 
Differences in NO3-N losses in subsurface drainage were significant for both 
moisture content (P=0.0004) and bulk density (P=0.0004). Losses averaged over bulk density 
treatments were 63.73 and 20.73 kg ha 1 and were in the order of 10>15%moisture content, 
and losses averaged over 10 and 1 S%moisture contents were 12.07, 21.08, 53.63, and 82.13 
kg ha"1 and were in order of 1.81 <1.57<1.33<1.10 g cm"3 bulk density. Higher losses of NO3-
N for 10% moisture content reflected higher volumes of subsurface drainage at that moisture. 
In addition, the LSD test showed that the differences between 1.81 and 1.3 3 and 1.10 g cm"3 
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bulk densities were much greater than those between 1.81 and 1.57. This suggested that the 
higher the bulk density, the greater the impact on reduction of NO3-N losses in subsurface 
drainage. 
The interaction of moisture content with bulk density had a significant effect 
(P=0.0315) on NO3-N loss in subsurface drainage, resulting in significant reduction of 
NO3-N loss with higher moisture content and higher bulk density. 
The impact of soil moisture content on Br flow-weighted concentrations in subsurface 
drainage was significant (P=<0.0001). The concentrations of Br in subsurface drainage were 
49.25 and 21.82 mg L-1 and were in order of 10>15%moisture content. Since Br was applied 
in rainwater, it reflected similar trends to volumes of surface and subsurface drainage. Since 
10% moisture created less surface runoff and more subsurface drainage, it resulted in greater 
Br concentrations in subsurface drainage. 
Differences in Br loss in subsurface drainage were significant (P=<0.0001) for 
moisture content and not significant for bulk density. Bromide losses in subsurface drainage 
were 8.31 and 1.49 kg ha l , the highest being at 10% moisture treatment, which reflected the 
hydrological trend of higher volumes of drainage at that moisture content. 
The impact of soil moisture content on flow-weighted C1 concentrations in subsurface 
drainage was significant (P=<0.0001). The concentrations of Cl in subsurface drainage were 
675 and 1256 mg L~1 and were in order of 10<15%moisture content. At the beginnin of g 
subsurface drainage, Cl concentrations were higher at 10% moisture than at 15%; however, 
as drainage continued, the C1 concentrations in subsurface drainage reduced very quickly at 
10% moisture and remained more stable at 15%. Since C1 was incorporated into the soil, 
lesser volumes of drainage water at 15 %moisture resulted in greater concentrations, while 
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greater volumes of drainage water at 10% moisture, resulted in smaller concentrations. 
Because the compacted soil bar was a very small fraction of the soil volume in the pan, the 
impact of bulk density on C1 concentrations in subsurface drainage was not significant. 
Chloride losses in subsurface drainage were 112 and 78 kg ha 1 for 10 and 15% 
moisture contents, respectively. Effect of moisture content was significant (P=<0.0001), with 
greater losses at 10% moisture content. Since bulk density treatments in compacted soil bars 
were at most only 0.9% of the soil volume, bulk density did not have a significant effect on 
C1 losses in subsurface drainage. 
Storage 
Moisture content and bulk density had significant effects on the amount of NO3-N 
retained in soil and sand. The amounts retained in soil averaged over bulk density treatments 
were 46.5 and 77.0 kg ha 1 and were in the order of 10<15% for moisture content treatments, 
and the amounts averaged over 10 and 15%moisture content treatments were 90.35, 87.62, 
42.3 5, and 26.82 kg ha 1 and were in order of 1.10< 1.3 3 < 1.5 7< 1.81 g cm"3 for bulk densit 
y 
treatments. The amounts retained by sand were 4.0 and 14.8 kg ha 1 and were in the same 
order to that retained by soil, 10<15% for moisture content treatments, and were 2.72, 4.29, 
16.20, and 14.46 kg ha 1 and were opposite in order to that retained by soil, 
1.81 < 1.5 7< 1.10< 1.3 3 g cm-3 for bulk density treatments. Since the compacted bar with NO3-
N was placed within the soil, greater storage of NO3-N in the soil suggested lesser leaching 
to subsurface drainage and thus less stored in sand. Similarly, greater storage of NO3-N in 
sand suggested greater leaching of NO3-N to subsurface drainage and less storage in the soil. 
The interaction effect of bulk density with moisture content (P=<0.0001) had significant 
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effect on the amount of NO3-N retained by sand. Therefore, higher bulk density and higher 
moisture content of soil indicated less NO3-N leaching into subsurface drainage. 
The effect of moisture content on the anion amounts retained by soil was significant 
for both Br (P=0.0049) and C1(P=0.0003); however, the effect of moisture content on the 
amount retained by sand was significant only for C1 (P=<0.0001). Bromide amounts retained 
by soil were 10.24 and 9.47 kg ha-1 and were in the order of 15<10% moisture content. Since 
the Br source was in the rainwater, its loss was reflected in the trend of greater volumes of 
subsurface drainage for the 10% moisture content, where more water passed through the soil 
and carried greater amounts of Br with it. However, Cl amounts retained by soil were 3.59 
and 11.13 kg ha 1 and were in the order of 10<1 S%moisture treatments. Similarly, Cl 
retained by sand were 3.28 and 28.70 kg ha 1 for 10 and 15%moisture content treatments. 
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Table 1. Times to beginnings of surface runoff and subsurface drainage. fi
Bulk Density (g cm"3) 
Moisture 




































fi Means with the same letter are not significantly different at the a=0.05 level. 


































































































1 Soil surface area =3281 cm2
~ The sum of drainage, runoff, and stored quantities. 
~ Numbers with negative sign in this column indicate shortage of water 
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Table 3. Moisture content and water storage in soil and sand 
Initial Soil Final Soil TDR ~ Final Sand Final Sand 
Moisture Bulk Re Soil M. C. measured Sand M. C. M.C. Content Density p Storage (Measured) soil M.C. Storage (Measured) (Calculated) 
10 1.10 1 2.43 38.45 36.10 0.72 17.67 19.65 
2 2.28 37.61 34.00 0.63 -- 17.23 
3 2.42 38.20 38.20 0.66 -- 18.06 
1.33 1 2.26 37.16 35.30 0.69 -- 18.63 
2 2.23 36.97 34.90 0.57 -- 15.40 
3 2.27 37.11 35.00 0.56 -- 15.31 
1.57 1 2.21 36.54 35.20 0.54 -- 14.56 
2 2.30 36.76 35.10 0.59 -- 16.00 
3 2.31 37.58 35.70 0.67 -- 18.31 
1.81 1 2.44 38.47 36.20 0.65 18.14 17.55 
2 2.31 36.84 34.80 0.51 -- 13.74 
3 2.36 37.51 36.20 0.55 -- 14.83 
Mean 2.32a 37.43a 35.56a 0.61 a 
15 1.10 1 1.53 34.10 29.30 0.65 -- 17.56 
2 1.54 33.59 31.00 0.78 -- 21.14 
3 1.63 34.09 29.60 0.49 17.17 13.36 
1.33 1 1.61 34.11 30.10 0.55 -- 14.91 
2 1.61 34.40 31.70 0.61 -- 16.64 
3 1.57 33.33 31.50 0.64 17.58 17.30 
1.57 1 1.55 34.45 32.40 0.68 -- 18.48 
2 1.56 34.41 30.80 0.55 -- 15.08 
3 1.53 34.57 31.50 1.02 17.21 27.84 
1.81 1 1.59 33.86 30.70 0.48 -- 13.16 
2 1.56 34.38 32.00 0.84 22.93 
3 1.32 31.96 29.70 0.65 17.14 17.72 
Mean 1.55b 33.94b 30.86b 0.66a 
~ TDR -Time Domain Refloctometry, a device to measure soil moisture content. Data obtianed from Zian Zhou 
Correlation between mesured final soil moisture content and TDR measured values 
10% moisture treatment: y = 0.9816X-1.1856 and R2 = 0.3727 (P=0.035) 
15% moisture treatment: y = 0.5797X+11.184 and RZ = 0.1736 (P=0.177) 
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Table 4. Average rainfall volumes and volume of water stored and drained. fi
Bulk Density (g/cm3) 
Moisture 
Content 1.10 1.33 1.57 1.81 Mean 
 cm 
Rainfall 10 7.56 7.57 7.64 7.62 7.60a 15 7.94 7.92 7.82 7.80 7.90a 
Mean 7.71 a 7.73a 7.74a 7.75a 
Surface 10 3.38 3.24 3.24 3.53 3.35b 
Runoff 15 5.31 4.90 4.98 5.18 5.10a 
Mean 4.35a 4.11a 4.10a 4.34a 
Subsurface 10 1.60 1.65 1.82 1.70 1.69a 
drainage 15 0.56 0.68 0.57 0.69 0.62b 
Mean 1.19a 1.20a 1.17a 1.10a 
Storage in 10 2.38 2.25 2.27 2.37 2.32a 
soil 15 1.57 1.60 1.55 1.49 1.55b 
Mean 1.97a 1.92a 1.91 a 1.93a 
Storage in 10 0.67 0.61 0.60 0.57 0.61 a 
sand 15 0.64 0.60 0.75 0.66 0.66a 
Mean 0.40a 0.39a 0.38a 0.40a 
fi Means with the same letter in each column are not significantly different at the a=0.05 level. 
54 
Table 5. Hydrologic/Infiltration analysis for moisture content effects 
Runoff Drainage 
From To Time Time (min) (min) 
10% m.c. Runoff/Drainage 21.8 28.7 
10% m.c. 15% m.c. 3.9 3.9 




Runoff/Drainage £ 15.2 47.6 
6.6 -19.1 
£ Predicted is time to wet 10% to 15% plus time to runoff/drainage for 15% 
Table 6. Flow-weighted NO3-N concentrations in surface runoff and subsurface drainage fi
Bulk Density (g cm"'~) 
Moisture Content 1.10 1.33 1.57 1.81 Mean 
 mg L"~  
Flow-Weighted Surface 10 0.13 0.10 0.06 0.07 0.09a 
Runoff Concentration 15 0.11 0.10 0.11 0.08 0.10a 
Mean 0.12a 0.10a 0.09a 0.07a 
Flow-Weighted Subsurface 10 751.23 430.19 200.27 91.77 368.37a 
Drainage Concentration 15 561.29 434.29 153.38 169.23 329.55a 
Mean 656.30a 432.20a 176.80b 130.50b 
fi Means with the same letter are not significantly different at the a=0.05 level. 
55 
Table 7. Flow-weighted Br concentrations in surface runoff and subsurface drainage fi
Bulk Density (g cm-3) 
Moisture 
Content 1.10 1.33 1.57 1.81 Mean 
 mg L-'  
Flow-Weighted Surface 10 49.76 50.68 49.98 48.25 49.67a 
Runoff Concentration 15 49.94 51.14 49.68 50.33 50.27a 
Mean 49.85ab 50.90a 49.83ab 49.29b 
Flow-Weighted Subsurface 10 49.36 49.42 50.30 47.91 49.25a 
Drainage Concentration 15 21.49 18.79 27.22 19.79 21.82b 
Mean 35.42a 34.11 a 38.76a 33.85a 
fi Means with the same letter are not significantly different at the a=0.05 level. 
Table 8. Flow-weighted CI concentrations in surface runoff and subsurface drainage fi
Bulk Density (g cm-d) 
Moisture 
Content 1.10 1.33 1.57 1.81 Mean 
 mg L-'  
Flow-Weighted Surface 10 
Runoff Concentration 15 
Mean 
Below Detection 
Flow-Weighted Subsurface 10 694.46 604.49 679.36 721.50 674.96b 
Drainage Concentration 15 1196.45 1307.18 1163.07 1357.47 1256.04a 
Mean 945.46a 955.84a 921.22a 1039.49a 
fi Means with the same letter are not significantly different at the a=0.05 level. 
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Table 9. NO3-N losses in surface runoff and subsurface drainage ~ 
Bulk Density (g cm"s) 
Moisture 
Content 1.10 1.33 1.57 1.81 Mean 
 kg h a-'  
Surface Runoff Loss 
Mean 
Subsurface Drainage Loss 
Mean 
10 0.04 0.03 0.02 0.02 0.03b 
15 0.06 0.05 0.06 0.04 0.05a 
0.05a 0.04ab 0.04ab 0.03b 
10 125.87 82.75 31.58 14.70 63.73a 
15 38.38 24.52 10.58 9.43 20.73b 
82.13a 53.63b 21.08c 12.07c 
fi Means with the same letter are not significantly different at the a=0.05 level. 
Table 10. Br losses in surface runoff and subsurface drainage fi
Bulk Density (g cm~') 
Moisture 
Content 1.10 1.33 1.57 1.81 Mean 
 kg ha-~  
Surface Runoff Loss 
Mean 
Subsurface Drainage Loss 
Mean 
10 17.56 16.40 16.22 16.31 16.62b 
15 25.86 25.44 24.30 26.77 25.72a 
21.71 a 20.92a 20.51 a 21.54a 
10 8.38 8.93 8.28 7.67 8.31 a 
15 1.58 1.07 1.91 1.20 1.49b 
4.98a 5.09a 5.09a 4.44a 
fi Means with the same letter are not significantly different at the a=0.05 level. 
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Table 11. CI losses in surface runoff and subsurface drainage fi
Bulk Density (g cm"s) 
Moisture 
Content 1.10 1.33 1.57 1.81 Mean 
 kg ha-~  
Surface Runoff Loss 
Mean 
10 
15 Below Detection 
10 115.56 108.16 111.00 115.48 112.55a 
Subsurface Drainage Loss 15 78.49 82.84 80.25 73.93 78.88b 
Mean 97.02a 95.50a 95.62a 94.71 a 
fi Means with the same letter are not significantly different at the a=0.05 level. 
Table 12. NO3-N retained by soil and sand in the pan fi
Retained by Soil 
Mean 
Retained by Sand 
Mean 
Bulk Density (g cm"') 
Moisture 
Content 1.10 1.33 1.57 1.81 Mean 
 kg ha-~  
10 2.96 22.66 77.81 82.55 46.49b 
15 50.68 61.84 97.44 98.15 77.03a 
26.82b 42.35b 87.62a 90.35a 
10 4.41 6.59 3.94 1.09 4.01 b 
15 24.50 25.80 4.63 4.35 14.82a 
14.46a 16.20a 4.29b 2.72b 
fi Means with the same letter are not significantly different at the a=0.05 level. 
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Table 13. Br retained by soil and sand in the panfi 
Bulk Density (g cm"') 
Moisture 
Content 1.10 1.33 1.57 1.81 Mean 
 kg h a-'  
Retained by Soil 
Mean 
Retained by Sand 
Mean 
10 10.07 9.95 10.65 10.30 10.24a 
15 9.32 10.30 9.55 8.72 9.47b 
9.70a 10.12a 10.10a 9.51 a 
10 2.76 2.39 2.35 2.51 2.50a 
15 2.19 2.23 2.56 2.14 2.28a 
2.47a 2.31a 2.45a 2.33a 
fi Means with the same letter are not significantly different at the a=0.05 level. 
Table 14. CI retained by soil and sand in the pan fi
Retained by Soil 
Mean 
Retained by Sand 
Mean 
Bulk Density (g cm-3) 
Moisture 
Content 1.10 1.33 1.57 1.81 Mean 
%  kg ha-~  
10 2.42 2.64 4.80 4.49 3.59b 
15 11.83 9.33 10.52 12.83 11.13a 
7.13a 5.99a 7.66a 7.66a 
10 3.78 2.82 3.35 3.16 3.28b 
15 29.62 30.16 26.27 28.71 28.70a 
16.70a 16.49a 14.81 a 15.93a 
fi Means with the same letter are not significantly different at the a=0.05 level. 
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Table 15. NO3-N mass balance 
Sub-
Moisture Bulk Surface Retained Retained Surface Initial soil Total 
Content Density Runoff by Soil by Sand Drainage total ± recovered Difference 
g cm-3  kg ha-~  
10 
15 
1.10 0.04 2.96 4.41 125.87 116.87 133.29 -14.13 
1.33 0.03 22.66 6.59 82.75 117.18 112.04 4.06 
1.57 0.02 77.81 3.94 31.58 117.75 113.35 3.75 
1.81 0.02 82.55 1.09 14.70 117.44 98.37 16.37 
1.10 0.06 50.68 24.50 38.38 125.36 113.63 9.24 
1.33 0.05 61.84 25.80 24.52 125.40 112.20 10.40 
1.57 0.06 97.44 4.63 10.58 125.56 112.71 10.14 
1.81 0.04 98.15 4.35 9.43 125.60 111.97 10.72 
± 112 kg ha-' added in compacted soil bar; remainder from that in soil originally. 
Table 16. Br mass balance 
Sub-
Moisture Bulk Surface Retained Retained Surface Initial total Total 
Content Density Runoff by Soil by Sand Drainage ± recovered Difference 
g cm-3  kg ha-~  
10 
15 
1.10 17.56 10.07 2.76 8.38 35.83 38.77 -8.52 
1.33 16.40 9.95 2.39 8.93 38.53 37.67 2.12 
1.57 16.22 10.65 2.35 8.28 38.56 37.50 2.62 
1.81 16.31 10.30 2.51 7.67 38.91 36.80 4.88 
1.10 25.86 9.32 2.19 1.58 38.91 38.95 -0.22 
1.33 25.44 10.30 2.23 1.26 39.93 39.23 1.79 
1.57 24.80 9.55 2.56 1.91 39.26 38.82 1.05 
1.81 26.77 8.72 2.14 1.20 39.88 38.83 2.71 
± With rainwater (amount in soil <2.0 kg ha-~ ) 
Table 17. CI mass balance 
Sub-
Moisture Bulk Surface Retained Retained Surface Initial soil Total 
Content Density Runoff by Soil by Sand Drainage total ± recovered Difference 











2.42 3.78 115.56 121.04 121.76 -0.55 
2.64 2.82 108.16 122.22 113.62 6.93 
4.80 3.35 111.00 122.86 119.14 2.91 
4.49 3.16 115.48 121.72 123.13 -1.34 
11.83 29.62 78.49 121.18 119.94 1.01 
9.33 30.16 82.84 120.45 122.33 -1.57 
10.52 26.27 80.25 119.65 117.04 2.18 
12.83 28.71 73.93 118.16 115.47 2.17 
± 112 kg ha-' added before soil pans were packed; remainder from that in soil originally. 
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Table 18. Comparison between three anions on %lost from initial soil total 
10% 15% 
Sub- Sub-
Bulk Surface Surface Surface Surface 
Anion density Runoff Drainage Runoff Drainage 
g cm~3  
NO3-N 1.10 0.04 107.71 0.05 30.62 
1.33 0.03 70.62 0.04 19.55 
1.57 0.02 26.82 0.04 8.43 
1.81 0.02 12.52 0.03 7.51 
Br ± average 43.90 21.94 65.12 3.77 
CI average -- 92.30 -- 65.80 
± Comparison for Br is based on the amount of Br actually entering the soil through infiltrating 
rainwater (plus small amount initially present) 
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Figure 3. Surface runoff and subsurface drainage rates from treatment 10-1.57 
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Figure 8. Surface runoff and subsurface drainage rates from treatment 15-1.81 
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Figure 9. Average surface runoff and subsurface drainage rates 
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Figure 12. Concentration of NO3-N in subsurface drainage versus time for 10% moisture 
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Figure 14. Concentration of NO3-N in subsurface drainage versus time for 15% moisture 
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Figure 16. Concentration of Br in subsurface drainage versus time for 10% moisture 
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Figure 19. Concentration of CI in subsurface drainage versus time for 10% moisture 
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Figure 20. Concentration of CI in subsurface drainage versus time for 15% moisture 
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Figure 21. Interaction of bulk density with moisture content for NO3-N loss 
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Figure 22. Interaction of bulk density with moisture content for NO3-N 





Soil runoff pans with rainfall simulation were used to study the effect of two soil 
moisture contents, 10 and 15%, and four bulk densities, 1.10, 1.33, 1.57, 1.81 g cm-3 of soil 
bars on NO3-N leaching from the zone of application. Bulk density treatments were put in the 
soil in the form of compacted soil bars at 3.8 cm (1.5 in) below the soil surface. Compacted 
soil bars represented only 3% of the soil surface area and at most 0.9% of the soil volume in 
the pan. Chloride was added with water to the soil prior to packing it in the pans. Rainfall 
with Br added to it was applied on 24 pans of soil. 
The water mass balance indicated good tracking and recovery for all treatments. As 
expected, surface runoff began sooner for the 15%moisture content, resulting in greater 
runoff volumes. However, for subsurface hydrology the 15% soil moisture content had a 
longer time to the beginning of drainage and lesser drainage volumes. While the lower soil 
moisture content (10%) had a higher water holding capacity, the time to subsurface drainage 
was shorter and there were increased infiltration rate and greater volumes of subsurface 
drainage. This maybe due to possibly differences in soil packing and greater surface sealing 
with rainfall energy of the unprotected surface soil at the higher initial moisture content. Due 
to the small percentage of the soil surface area and soil volume occupied by the compacted 
soil bars, bulk density showed no significant effect on surface and subsurface hydrology. 
Surface runoff concentrations of NO3-N and Br were not significantly affected by soil 
moisture content and bulk density. However, runoff losses of NO3-N and Br were greater at 
the 15%moisture content because of greater runoff volumes. Chloride concentrations and 
losses in surface runoff were below the detectable limit. 
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Higher bulk density caused lower concentrations and losses of NO3-N in subsurface 
drainage, resulting in a significant difference between bulk densities for both 10 and 15% 
moisture contents. The 10% moisture content produced greater NO3-N losses due to greater 
volume of drainage at that moisture. NO3-N mass balance indicated that higher bulk density 
and moisture content retained greater amounts of NO3-N in soil and lesser amounts in sand. 
The interaction of moisture content with bulk density indicated that higher moisture content 
and bulk density reduced losses of NO3-N into subsurface drainage. 
Bromide concentrations and losses and C1 losses in subsurface drainage were lower at 
15 %moisture. However, C1 concentrations in subsurface drainage were lower at 10% 
moisture. Cl mass balance indicated greater storage of Cl in soil at higher moisture content. 
Br showed greater storage in soil at lower moisture content, and since Br was in the 
rainwater, it reflected similar trends of greater volumes of drainage at 10% moisture. 
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CHAPTER 4. GENERAL CONCLUSIONS 
Among all the agricultural chemicals that have the potential to contaminate 
groundwater, N applied as fertilizer and manure is the most extensively used, especially by 
corn producers. Current methods of fertilizer incorporation, either through tillage or through 
subsurface knife application, require tractive energy, and in addition, bury or destroy soil-
protecting surface crop residue. Nitrate-nitrogen, because of its soluble and nonadsorbed 
nature, will readily move with water through the soil profile. One recent strategy to reduce 
NO3-N leaching is to alter water flow in soil. By compacting the soil above applied N 
fertilizer combined with fertilizer placement away from zones of substantial vertical water 
movement should minimize NO3-N leaching. 
The overall objective of this research was to study the impacts of soil moisture 
content, soil bulk density, and simulated rainfall on the leaching characteristics of NO3-N in 
subsurface drainage. This involved studying the compacted soil bars of four different bulk 
densities (1.10, 1.33, 1.57, 1.81 g cm-3) with NO3-N source applied to soil in pans at two 
moisture contents and that had been treated with Cl. Bulk density treatments were put in the 
soil in the form of compacted soil bars at 3.8 cm (1.5 in) below the soil surface. Compacted 
soil bars represented only 3% of the soil surface area and at most 0.9% of the soil volume in 
the pan. Rainfall with Br dissolved in it was applied at an indoor rainfall simulation facility 
and was simulated on 24 pans of soil. 
Water mass balance indicated good tracking and recovery for all treatments. Two 
levels of moisture content had significant effects on surface and subsurface hydrology of the 
soil pans. As expected, surface runoff began sooner for the 15%moisture content, resulting 
in greater runoff volumes. However, surprisingly for subsurface hydrology, the 15% soil 
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moisture content had a longer time to the beginning of drainage and lesser drainage volumes. 
Due to the small percentage of the soil surface area and soil volume occupied by the 
compacted soil bars, bulk density showed no significant effect on surface and subsurface 
hydrology. 
Surface runoff losses of NO3-N and Br were greater at the 15%moisture content. 
Chloride concentrations and losses in runoff were below detectable limit. 
Higher bulk density caused lower concentrations and losses of NO3-N in the 
subsurface drainage, resulting in significant difference between bulk densities for both 10 
and 15%moisture contents. Lower moisture content produced greater NO3-N losses due to 
greater volume of subsurface drainage at that moisture content. Nitrate-nitrogen mass balance 
indicated that higher bulk density and moisture content stored greater amounts of NO3-N in 
soil and lesser amounts in sand. The interaction of moisture content with bulk density 
indicated that higher moisture content and bulk density reduced losses of NO3-N into 
subsurface drainage. 
From the outcome of research results, it seems that compacting soil within the 
fertilizer application can minimize NO3-N losses to subsurface drainage. Soil compaction to 
desired bulk density could be reached by adding or removing weights to the LCD applicator. 
LCD applicator can compact soil above the zone of N application, which can reflect similar 
results obtained in this research. Since higher soil moisture helped to reduce NO3-N leaching, 
N fertilizer in liquid form can be used to bring the soil moisture to desired level. 
Future research could involve examining compaction in the field and improving an N 
applicator. It will also be interesting to see different approach for moisture content 
treatments. Wetting soil to 10 and 15%moisture can be achieved after packing soil into pans. 
~~ 
However, this approach would add some complications in terms of uniformity of soil 
moisture content. 
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Table 17. Times to beginnings of runoff and subsurface drainage 
Subsurface 
Moisture Bulk Runoff drainage 
content density Replication start time start time 
g/cm3 min min 
10 1.81 1 25 30 
2 20 27 
3 23 29 
10 1.57 1 20 32 
2 20 27 
3 23 27 
10 1.33 1 19 32 
2 24 27 
3 23 27 
10 1.10 1 26 30 
2 19 27 
3 20 29 
15 1.81 1 11 42 
2 13 41 
3 7 52 
15 1.57 1 13 40 
2 9 47 
3 14 39 
15 1.33 1 11 42 
2 10 42 
3 13 49 
15 1.10 1 11 40 
2 13 41 
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